Abstract. Compared with other underwater exploration robots, Spherical underwater robot has an outstanding advantage for the underwater exploration, whose spherical shell has the excellent resiliency to protect the internal electronic components. In addition, this steering resistance is very small to move flexibly. In this paper, a type of spherical underwater robot with the pendulums and a propeller was studied on moving at the water bottom in a rolling manner. The structure and force were analyzed to understand that the hydrodynamic force's affection on the robot's rolling at the water bottom. A mathematical model was established with the mass parameters and speeding parameters. The virtual simulation environment was established in Adams software. Furthermore, the coupling fluctuation characteristics of the speed, swing angle and the torque were studied by the simulation and the experiment in a pool. The study proved that this robot not only can use the propeller to move in water, but also can roll at the water bottom by driving the spherical shell. Especially, the result also can be obtained that the robot can roll at water bottom stably by increasing the pendulum mass and lowering the motor speed.
Introduction
In recent years, AUV has got much attention in many fields and attracted more and more researchers [1] [2] [3] . And, movement flexibility and environmental compatibility are important indicators for an underwater exploration robot [4] [5] [6] . Compared with other types of robots, Spherical robot has great advantages in the movement flexibility and environmental compatibility [7] [8] [9] [10] [11] [12] . The symmetrical spherical shell can withstand greater pressure and reduce the steering resistance. A kind of underwater spherical robot was developed, ODIN (1991) , which is equipped with eight propellers, and every two propellers are assigned together as a group, which can make ODIN move flexibly in a task [13] [14] [15] . An underwater spherical robot was developed, URIS (2003) , which was equipped with four external propellers [16] . In 2012, a new type of spherical robot was developed with three jetting-water devices and six servo motors, which can change the directions of jetting water [17] [18] [19] . And the movement analysis in water was deeply studied for these spherical underwater robots. But these robots did not have the movement ability in the water bottom. So, when the robot moved through underwater propeller, the disturbance from the propeller would affect the collection of samples. Hanxu Sun et al. (2008) designed a spherical robot with heavy pendulum, which can achieve the flexible movement on land [20, 21] . In 2010, a new underwater robot BYSQ-2 was developed with a single propeller [22, 23] . Yansheng Li et al. (2014) studied the hydrodynamic forces and underwater fluctuation characteristics of BYSQ-2 robot [24] . But the features of rolling in the bottom are not fully understood and mastered. So, the analysis for the rolling characteristics is very necessary to improve the underwater environment adaptability. This paper showed the rolling fluctuation characteristics for the sphere robot to expand its movement stability.
This article is organized as follows. In Section 2, the physical model for the robot is introduced, which can move in water by a propeller or in water bottom by rolling. In Section 3, the dynamic equation of rolling is established by Newton Euler method. It is found that the mass and the motor speed are the important parameters for the stably rolling of the underwater robot. In Section 4, the characteristics and influencing factors of coupling fluctuation are analyzed and summarized by building a virtual environment in ADAMS software. In Section 5, an experiment was carried out to demonstrate the ability of stable rolling for the spherical underwater robot. Section 6 provides the conclusions, along with some remarks on future research.
Structure and equivalent model
One propeller is designed in the conduit of BYSQ-2 robot, which can provide the thrust for moving in water. And the pendulums locate in both sides of the conduit, which are protected by the spherical shell of the robot. And the conduit is fixed with the spherical shell, which is perpendicular to the short axis. Both the conduit and spherical shell can not only rotate around the long axis, but also rotate around the short axis. So, the robot can roll freely at the water bottom by the motor driving the pendulums. The electronic components are all installed in the spherical glass fiber shell. The main structures of the robot include the spherical shell 1, the conduit 2, the propeller 3, the short axis 4, the pendulum 5 and the rolling motor 6. The physical structure is shown in Fig. 1(a) , 1(b). The simplified diagram of rolling at the water bottom is shown in Fig. 1(c) . Fig. 1 . Model of the robot's structure and driving forces According to the conditions of the actual environment and physical structure, two assumptions are made to analyze the rolling characteristics at the water bottom and establish the dynamic model of the robot. Firstly, spherical robot system is simplified to the weight section and the spherical shell portion. The qualities of the components what are fixed with the heavy pendulum mechanism together are concentrated equivalently in the center of the pendulum. And the qualities of the components what fixed on the spherical shell together are concentrated equivalently in the center of the spherical shell. Secondly, according to the symmetrical design, the rotational inertia's spindle of the spherical shell that includes the structures fixed with the spherical shell goes through the center of the spherical robot.
Establish dynamic equations
Spherical robot rolls at the water bottom and its water resistance is not negligible. Because of the buoyancy's effect, the supportive force between the robot and the water bottom will be reduced. Furthermore, when the robot rolls at the water bottom, the friction will be also reduced between the spherical shell and the bottom. To determine the effect parameters, a model must be firstly established to describe the dynamics of the spherical robot. In the rolling state at the bottom, as the research object, the force diagram of the spherical shell is shown in Fig. 2 .
As shown in Fig. 2 , the spherical robot is rolling at the water bottom. At the contact point between the spherical shell at the bottom, there are a friction force and a supportive force , which are a pair of interactive forces. Furthermore, the water resistance force and the buoyancy are applied to the spherical shell, which are produced by the water. The horizontal force , the vertical force and the rotational torque are also applied to the spherical shell portion of the robot, which are produced by the internal pendulum mechanism. And, the spherical shell structure itself is also affected by gravity . The parameter is the maximum radius of the robot. And, the parameter is the rolling angular velocity of the robot. The parameter is the mass of the robot. The parameter is the additional mass factor of the robot. The parameter is the velocity of the robot. The parameter is the moment of inertia of the spherical shell. According to Newton Euler's theorem, the dynamic equations of the spherical shell rolling at the water bottom can be obtained as shown in Eq. (1):
(1)
Similarly, in addition to part of a spherical shell, the internal pendulum mechanism should be also analyzed in order to obtain a complete dynamic system equations of the robot. The coordinate origin of the rotating reference system is set in the center of the sphere spherical robot. In order to removal the influences of the Coriolis force, the rotating axis of the heavy pendulum is also set in the center of the sphere spherical robot. The force diagram of the pendulum is shown in Fig. 3 . As shown in Fig. 3 , driven by a motor, the pendulum swings forward, when the robot rolls forward at the water bottom. The horizontal force , the vertical force and the rotational torque are applied to the internal pendulum mechanism portion of the robot, which are produced by the spherical shell. And, the pendulum structure itself is also affected by gravity. The parameter is the mass of the pendulum. The parameter is the length of the pendulum. And, the parameter is the swing angle of the pendulum. According to Newton Euler's theorem, the dynamic equations of the pendulum swing can be obtained as shown in Eq. (2):
In Eqs. (1) and (2), the horizontal and , the vertical force and , the rotation moment and , are the paired interaction forces. According to Newton's third law, these three pairs of forces respectively are equal in size and opposite in direction. According to Eq. (1) and (2), the complete dynamic equations of the robot rolling at the water bottom can be obtained as shown in Eq. (3):
It is supposed that the balancing mass Δ is the extra mass to ensure that the gravity of the robot is greater than the buoyancy of the water, when the spherical robot is rolling at the water bottom. The balancing mass Δ together with the frictional force can be expressed as Eq. (4):
According to Eqs. (3) and (4), the complete dynamic equations with the Δ parameter of the robot rolling at the water bottom can be obtained as shown in Eq. (5):
When the spherical robot is rolling at the water bottom, the swing of the pendulum is driven by a torque of the pendulum motor, whose reaction torque can drive the spherical shell to roll forward. In fact, the rolling angular velocity of the robot is related to the rotational angle of the motor and the swing angle of the pendulum. So, their constraint relationship can be obtained as shown in Eq. (6):
According to Eq. (5) and (6), the complete dynamic equations of the robot rolling at the water bottom also can be obtained as shown in Eq. (7):
As shown in Eq. (7): The rolling state of the spherical underwater robot not only relates to the motor rotational angle , but also relates to the balancing mass Δ of the robot.
Simulation model and analysis
In order to analyze the impact of the rotation angle and the balancing mass Δ , the ADAMS prototype and virtual environment were built to research the rolling state of the robot at the water bottom under the conditions of the variable parameters. As assumed in Section 2, two portions are made to analyze the rolling characteristics at the water bottom and establish the dynamic model of the robot. Furthermore, the hydrodynamic coefficients are calculated in FLUENT software and the result is imported into ADAMS software as the simulation constraint conditions. Based on the above principles, the virtual simulation model of the robot rolling at the water bottom is shown in Fig. 4 . In the virtual simulation environment, a large flat-panel was established as the water bottom, which was set to the fixed rigid body property. The quivalent spherical shell and the equivalent heavy pendulum were also set to the rigid body property and a revolute joint was disposed between the heavy pendulum and spherical shell. This contact pairs were disposed between the two rigid bodies of the spherical shell and the water bottom. Because of the perfect symmetry of the spherical robot, the buoyancy, gravity and hydrodynamics can be applied in the center of the spherical robot. According to the prototype model, the spherical shell diameter was 400 mm. The water density was set to 1000 kg/m 3 . The gravitational acceleration g was set to 10 m/s 2 , the buoyancy was set to 354 N. The hydrodynamic parameter was associated with the speed and acceleration parameters of the robot, which also can be disposed on the center of the robot. According to the calculation results in FLUENT software, the drag coefficient associated with quadratic speed items was set to 40 and the drag coefficient associated with the acceleration for additional mass factor is set to 32. is a horizontal composition of force in the opposite direction of the robot movement. is a vertical composition of force in the same direction of gravity. and can be set in the center of the spherical robot, which can be expressed as Eq. (8) 
Based on the above spherical robot virtual prototype, this balancing mass Δ of the spherical robot was set respectively at 10 kg and -10 kg. In order to study the influence of the Δ parameter, the motor rotating speed remained consistent and the rolling state of the robot at the water bottom was simulated under the conditions of the different Δ parameters.
As shown in Fig. 5 , the Δ parameter was -10 kg in the left half of the comparison chart. And, the Δ parameter was +10 kg in the right half of the comparison chart. At the same time, the motor rotating speed remained constant. In these conditions, the fluctuation characteristics of the rolling displacement, the swing angle and the motor torque were simulated, where the differences can be seen that the balancing mass Δ greatly affected the fluctuation of the rolling process at the water bottom. As shown in Fig. 5(a) , the rolling displacement of the spherical robot at the water bottom increased with the balancing mass increasing in the same time period. This displacement increased from 4 m to 6 m in the comparison chart of the rolling displacement. As shown in Fig. 5(b) , the swing angle of the heavy pendulum at the water bottom attenuated quickly with the balancing mass increasing. The swing angle of the heavy pendulum converge to 0 in the 5 s in the condition of the balancing mass Δ +10 kg in the right half of the comparison chart. As shown in Figure 5 (c), the fluctuation of the motor torque discreased obviously with the balancing mass increasing. Based on the above analysis, the conclusion can be drawn that a larger balance mass can increase the stability of the robot rolling at the water bottom.
Furthermore, the balancing mass Δ remained constant and the motor rotating speed is different. The motor rotating speed of the spherical robot was set respectively at 0.5 rad/s and 1.5 rad/s. In order to study the influence of the parameter, the rolling state of the robot at the water bottom was simulated in the condithions of the different parameters. As shown in Fig. 6 , the parameter was 0.5 rad/s in the left half of the comparison chart. And, the parameter was 1.5 rad/s in the right half of the comparison chart. At the same time, the balancing mass Δ remained constant. In these conditions, the fluctuation characteristics of the rolling displacement, the swing angle and the motor torque were simulated, where the differences can be seen that the motor rotating speed greatly affected the fluctuation of the rolling process at the water bottom. As shown in Fig. 6(a) , the rolling displacement of the spherical robot at the water bottom increased with the motor rotating speed increasing in the same time period. But the relationship was not proportional. As shown in Fig. 6(b) , the swing angle of the heavy pendulum at the water bottom did not attenuated quickly with the motor rotating speed increasing. And, the fluctuation became obvious in the 10 s in the condition of the motor rotating speed 1.5 rad/s in the right half of the comparison chart. As shown in Fig. 6(c) , the fluctuation of the motor torque became larger than twice with the motor rotating speed increasing. More simulation data was shown in Table 1 .
As shown in Table 1 , the fluctuation amplitude of the swing angle is maximal and reaches 1.6 rad in the conditions of the total mass 34.1 kg and the motor speed 3 rad. The fluctuation amplitude of the swing angle is minimal and reaches 0.6 rad in the conditions of the total mass 40.2 kg and the motor speed 1.7 rad. Based on the above analysis in Fig. 5, Fig. 6 and Table 1, the conclusion can be drawn that a smaller motor rotating speed can increase the stability of the robot rolling at the water bottom. But, a smaller motor rotating speed can also reduce the moving speed of the robot by the rolling manner at the water bottom. In order to control the motion of spherical robot in the water, Xiaojuan Lan et al (2010) used a fuzzy PID method to suppress the fluctuations of the pendulum, but this method changed the speed value of the motion [23] . Hanxu Sun et al (2014) used a neural network and sliding mode method to control the pitch of the spherical robot, but the neural network initially took lots of time to learn [25] . In this paper, the spherical robot would roll at the water bottom and a direct two-layer sliding surfaces is proposed to control the rolling speed, which is different from the above environment and method in water. Under the rolling condition, the motion equation contains both the rolling constraint and the hydrodynamic constraint, so the governing equations of motion at the water bottom are novel. In the absence of sliding condition, = and in a low-speed 
The error of rolling velocity is = − , the two primary sliding surfaces and the ultimate sliding surface are designed as follows:
The derivation of the ultimate sliding surface is shown as follows:
In order to ensure the ultimate sliding surface converging, the control rate is taken as:
In order to make the robot system moves along a sliding surface, the additional switching control must be added, so the total control rate includes the following two components:
The goal of designing controller is to control the rolling velocity, while the swing angle of heavy pendulum is as small as possible. LYAPUNOV function is used to prove the ultimate sliding surface is the stability:
Because < is bounded and < 0:
is bounded and asymptotic convergence, and two sliding surfaces are built:
The difference between the two sliding surfaces is integrated:
According to BARBALAT theorem, lim → ( − ) = 0, the sum between the two sliding surfaces is integrated:
According to BARBALAT theorem, lim → = 0, and in a similar way, lim → = 0. The two primary sliding surfaces and the ultimate sliding surfaces are asymptotic convergence, so the designed controller is stable, which can realize the rolling at the water bottom for the robot stably.
Rolling experiment at the water bottom
In this paper, a kind of spherical robot was studied mainly to collect the underwater information. And there was an advantage that the robot can move at the water bottom in a rolling manner, compared with other underwater robots. In this section, it would be proved that the studied spherical underwater robots have the ability to roll at the water bottom through the rolling experiment as shown in Fig. 7 . The motor rotational angle and the balancing mass Δ of the robot would affect the rolling state of the spherical underwater robot as shown in Table 1 . A pool of length 3 m, width 2 m and height 0.5 m was used as the experimental test site for the spherical underwater robot. During the rolling experiment, the recorded data included the robot's motor speed , the robot's moving displacement , the robot's moving time and the robot's total mass . In each group of experimental parameters, the experiment was made 5 times to get the robot's moving data. And the average value was recorded. The rolling experiment of the underwater robot was photographed as shown in Fig. 7 . The rolling test data of the underwater robot was recorded as shown in Table 2 . According to the rol1ing experimental of the underwater robot in Table 2 , in the conditions of the mass 34.1 kg and the motor rotating speed 50 r/min, the rolling speed of the robot was Minimal. Conversely, with the total mass and the motor rotating speed of the robot increasing, the rolling speed also increased. In the conditions of the mass 40.2 kg and the motor rotating speed 90 r/min, the maximum rolling speed can reach 0.6 m/s. However, in the conditions of the greater motor rotating speed, the rolling speed of the underwater robot increased slowly with the total mass increasing rapidly. Even the sliding phenomenon of the robot occured at the water bottom. And the rolling speed was difficult to reach more than 0.6 m/s. The , , and parameters in Eq. (3) was related to the size of the structure of the robot and remained constant. It can be obtained that the water resistance term and the friction term becomed large with the robot rolling speed v increasing. When the friction force reached a maximum, the robot started to slip at the water bottom. The relative sliding between the spherical shell and the water bottom make the robot rolling speed remain unchanged. On the other hand, the heavy pendulum swing inside the robot would affect the bottom's supportive force in the vertical direction, which would change the friction term and cause the fluctuations of the robot rolling at the water bottom in the horizontal direction.
Conclusions
As a kind of underactuated spherical underwater robot, it not only can use the propeller to move in the water, but also can drive the spherical shell to roll at the water bottom. The robot can move flexibly and stably, which is beneficial to a long-term observation at the water bottom. This paper researched the fluctuation characteristics of the robot moving in a rolling manner. Firstly, two important influencing parameters was proposed by building a mathematical model of the spherical robot rolling at the water bottom. Secondly, on the basis of building a virtual prototype simulation model, the fluctuation features of the spherical robot rolling at the bottom were analyzed and summarized in the conditions of the different parameters of the balancing mass and the motor rotating speed. Finally, the rolling experiments were carried. And the results showed that the underwater robot had a stable and excellent rolling ability at the water bottom. At the same time,the maximum rolling speed was also obtained.
Several main conclusions can be drawn as follows according to the above analysis of the simulation and experiment.
• The balance mass and the motor rotating speed is the critical parameters to affect the fluctuations of the robot rolling at the water bottom based on the established mathematical model.
• Increasing the balancing mass and reducing the motor rotating speed can suppress the fluctuations of the robot rolling at the water bottom based on the virtual simulation in ADAMS software.
• The robot can roll stably at the water bottom, whose maximum rolling speed is associated with the friction force of the water bottom based on the rolling experiment.
According to the above conclusions, it is necessary to increase the robot's total mass to reduce the coupling fluctuation and improve the stability of the robot. And it is also important to lower reasonably the motor rotating speed for suppressing the fluctuations, although this is not a good idea. So, a motor rotating controller of the robot will be designed to suppress the rolling fluctuation and improve the rolling speed at the water bottom in future.
